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This study presents the development of natural rubber–Ca/P blends, as promising candidates for biomedical pur-
poses. The speciﬁc objectivewas the incorporation of Ca/P into a natural rubber polymericmatrix. Ca/P crystalline
phaseswere synthesized by the sol–gel method and the polymeric matrices were produced using natural rubber
extracted from latex of the Hevea brasiliensis. The shape and size of natural rubber particles present in the
NRmembrane, as well as, the way the Ca/P powder grains aggregate in the polymeric matrix were investigated,
giving information about the interactions between the Ca/P and the natural rubber particles. Confocal ﬂuores-
cence scanning microscopy measurements allowed us to propose a structure where the Ca/P grains are
surrounded by natural rubber particles. This structuremaymediate Ca2+ release for tissue regeneration. The sys-
tem investigatedmay open newhorizons for development of a bandagewhich provides the controlled-release of
biomaterials.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction
The loss of body parts has preoccupied humanity since ancient
times, stimulating the search for materials with functional surfaces
that can optimize the process of tissue regeneration [1,2]. The treatment
of bone defects around implants is a speciﬁc application of biomaterials
in regenerative therapies, being used to isolate the wound, to prevent
the invasion of epithelium cells at the site of injury and to accelerate
the healing [3–8]. Considering the steps of bone regeneration, osteogen-
ic particles can be released in a controlled manner by delivery systems
to improve tissue regeneration, and the success of this process depends
on the surface properties [9,10]. Such delivery systems must fulﬁll two
speciﬁc functions: i) act as a physical barrier with sufﬁcient strength
to maintain the original functionality at the local of the lesion through-
out the period in which the osteoblasts migrate into the defect; ii) in-
duce tissue regeneration by releasing particles [11,12].
Calcium phosphates (Ca/P) can provide good biocompatibility
depending on the calcium/phosphorus ratio [13,14]. The Ca/P system
may present several crystalline phases, where hydroxyapatite
(Ca10(PO4)6(OH)2) and the tricalcium phosphate (Ca3(PO4)2) are
the most commonly studied biomaterials and play an important
role in tissue regeneration, in addition, pentacalcium octaphosphate
(Ca5P8) has been applied as efﬁcient reservoir of Ca and P ions in bi-
ological environments [15]. When Ca/P is precipitated in supersatu-
rated aqueous solutions, a metastable amorphous phase forms
quickly in the early stages of the reaction, being further converted
to crystalline phases such as hydroxyapatite, tricalcium phosphate,
and octacalcium phosphates [16].
Natural latex obtained from the Hevea brasiliensis tree is a colloidal
system containing rubber-particles of poly-1,4-cis-isoprene (around
40% of the total latex volume) suspended in an aqueous medium. Latex
can be separated into three distinct phases by centrifugation: rubber
cream, serumand bottom fraction. The rubber cream ismainly composed
of poly-isoprene rubber-particles, with small portions of Hevein proteins
(Hev. b1 and Hev. b3, with low allergenicity) and phospholipids [17,18].
The serumphase contains different types of compounds, including carbo-
hydrates, several proteins, amino acids and enzymes. Finally, the bottom
fraction contains a high portion of monomers and metal ions [19,20].
Natural rubber (NR), obtained from the rubber cream, is emerging as
a renewable, low-cost and biocompatible polymer [21,22] due to its low
allergenicity, being employed as transdermal drug delivery systems
where the NR is the controlling layer membrane [23,24]. Latex mem-
branes have been used to promote the activity of bone regeneration
through the Guided Bone Regeneration (GBR) model system by incor-
porating bonemorphogenetic proteins onNRmembranes acting as pro-
tein delivery system [25–28]. In this context, it is possible to combine
the NR characteristics as a physical barrier (to the epithelial cells or
other components) with particles of speciﬁc functionalities, such as
Ca/P, to produce a functionalized bandage.
In this work, we describe the synthesis and characterization of Ca/P
particles, as well as, the development of self-sustaining membranes
where these particles are physically incorporated into the NR matrix.
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The results suggest that the Ca/P particles are surrounded by proteins/
phospholipids particles in the polymeric matrix. In addition, the interac-
tions at the NR–Ca/P interface are discussed.
2. Experimental
2.1. Materials
Calcium nitrate tetrahydrate— Ca(NO3)2·4H2O (99% purity), ortho-
phosphoric acid—H3PO4 (≥85 wt.% in H2O), ethylene glycol (PA, 99.8%
purity), methyl alcohol (methanol— 99.5%, PA), ammonium hydroxide
(PA-ACS) and chloroform (PA) were purchased from Sigma-Aldrich®.
All the chemical products were used as received. NR was obtained
from the natural latex extracted from different rubber trees (RRIM
600 clone) in Indiana City, São Paulo State, Brazil.
2.2. Synthesis and physicochemical characterization of the Ca/P powder
The Ca/P was synthesized by the sol–gel method using as precursors
the calcium nitrate tetrahydrate and orthophosphoric acid in the pro-
portion of 80:20 wt.%. The precursors were dissolved in 15 mL of a
methanol:ethylene glycol solution (2:1 ratio) and maintained under
magnetic stirring and ambient conditions during 1 h to produce the
sol solution. The obtained product was submitted to aging, drying
and annealing in three steps: i) 24 h at 50 °C under constant magnetic
stirring, this procedure resulted in an opaque and viscose gel; ii) the
gel was poured into ceramic dishes and dried during 1 h at 100 °C,
then grounded to powder with amortar and pestle; and iii) the resultant
powder was annealed during 1 h at 700 °C and stored under ambient
conditions for the future analyses. The structural, morphological and
chemical properties of the Ca/P powder were investigated using X-ray
diffraction (XRD) with Rietveld analysis, scanning electron microscopy
(SEM) and energy-dispersive X-ray spectroscopy (EDS).
The XRD pattern was recorded on a PANalytical X'Pert PRO Multi-
Purpose Diffractometer, using Cu-Kα radiation (λ= 0.15418 nm), op-
erating at 45 kV and 40mA and equippedwith the X'Celerator detector.
Themeasurementwas carried out at 2θ angles ranging from 10° to 110°
with a scan step size of 0.033° using the Bragg–Brentano (θ–2θ) geome-
try. Rietveld analysis [29] was performed from the complete XRD pattern
using the X'Pert HighScore Plus software (version 2.2b of PANalytical,
Netherlands) and the starting structural models were based on the infor-
mation given in the Inorganic Crystal Structure Database (ICSD) [30]. The
structural reﬁnement by the Rietveldmethod allowed the determination
of the main phase fractions. SEM images and EDS (X-ray from Kα energy
line emission) spectra were performed with a JEOLJSM-6390LV SEMmi-
croscope (under 15 kV typical tension acceleration) equipped with a
NORAN X-ray Micro-analysis System Six. ImageJ® free software was
used to determine the particle size distribution from the SEM images.
2.3. NR solution and membrane production
The collected latex from the rubber trees was stabilized in ammoni-
um hydroxide at 2% (volume) and submitted to centrifugation using a
Cientec — CT 5000R centrifuge at 6000 rpm at a temperature of 4 °C
for 90 min. This centrifugation process allowed the separation of the
rubber cream phase fraction as previously reported [31]. The rubber
creamwas dried over night in an oven at 60 °C and dissolved in chloro-
form at a concentration of 30 mg/mL. The pure NRmembrane was pro-
duced by casting the NR solution in Petri dishes followed by thermal
annealing during 6 h at 45 °C in an oven. The ﬁnal thickness of themem-
brane was measured with a digital micrometer, to be around 200 μm. A
complete study about the morphological properties of NR membranes
was recently reported [31].
2.4. Production of NR:Ca/P blend
The Ca/P powder was dispersed in chloroform, at a concentration of
0.1 mg/mL, and submitted to sonication during 30min. After this proce-
dure, the Ca/P solution was mixed with the NR solution (described in
Section 2.3) in the ratio NR:Ca/P of 9:1 considering the weight of the
solids and then submitted to magnetic stirring during 20 min. Finally,
theNR–Ca/P blendmembranewas produced by casting theNR–Ca/P so-
lution in Petri dishes followed by thermal annealing during 6 h at 45 °C
in an oven. The ﬁnal thickness of NR–Ca/P blend membrane was also
around 200 μm, checked with a digital micrometer.
2.5. Characterization of the membranes
Themechanical propertieswere investigated on bothmembranes by
dynamic mechanical analyses (DMA) using a TA Instruments Analyzer,
model DMA-Q800, in single cantilever mode. Stress–strain curves
were obtained at a temperature of 30 °C with a strain rate of
2 mm·min−1 using a ﬁxed frequency of 1 Hz. Five samples of each
membranewere submitted toDMAmeasurements and themean elastic
modulus (E) or Young'smodulus of each samplewas obtained using the
equation:
E ¼
F
.
A0
ΔL
.
L0
¼ σ
ε
; ð1Þ
where F is the force applied to the sample, ΔL is the length variation, A0
and L0 are the original cross-sectional area and length of the object, re-
spectively. Therefore, σ is the tensile stress (F/A0) and ε corresponds to
extensional strain (ΔL/L0).
The incorporation of the Ca/P powder into the NR membrane was
veriﬁed by EDS (chemical color mapping) measurements. The shape
and size of the NR-particles (composed of proteins/phospholipids)
present in the pure NRmembrane and the interactions of the Ca/P pow-
derwith the polymericmatrix and/or NR-particles of theNR–Ca/P blend
membrane were investigated using a Carl Zeiss LSM 780 confocal laser
scanning microscope equipped with a multi-line, diode laser of
405 nm, 6 mW and 20 MHz. Moreover, a water-immersion objective
(63× magniﬁcation) with the software Zen 2010 Light Edition was
used for image acquisition.
Fig. 1. XRD pattern obtained for the Ca/P powder with the identiﬁcation of the main in-
tense peaks and the estimated phase fractions by Rietveld method using the HighScore
Plus® software.
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3. Results and discussion
Fig. 1 shows the XRD pattern obtained for the Ca/P powder as syn-
thesized, where crystalline phases were identiﬁed and attributed to
monoclinic Ca5P8 (ICSD card #74854), trigonal CaCO3 (ICSD card
#28827) and two hexagonal Ca(PO4)3OH (ICSD card #81442) and Ca
(ICSD card#52747) phases. The Rietveldmethodwas applied to estimate
the crystalline contribution of each main phases and the majority phase
fractions were: Ca5P8 (47.8 wt.%), CaCO3 (36.3 wt.%), Ca(PO4)3OH
(9.5 wt.%) and Ca (6.3 wt.%). The ﬁnal adjusted lattice parameters
remained very close to those reported on the ICSD cards, indicating that
the synthesis and thermal annealing processes provided a compound
with reduced strain–stress lattice defects. Amorphous and crystalline
samples with structural defects are structurally and chemically metasta-
ble. The properties of metastable samples can be altered by small rates
of energy and/or due to aging, thus samples with reduced structural de-
fects are desired to obtain crystalline samples stable for longer periods.
Atoms located at the boundaries of the interstices and surfaces of the
grains do not contribute coherently in order to satisfy the Bragg's law
and therefore the XRD is not able to measure the interfacial component.
In addition, the amorphous and interfacial component atoms may act as
a reservoir of Ca2+ ions.
In the biological environment, some of these phases, such as
Ca(PO4)3OH, can promote the optimization of tissue regeneration by
creating a gradient of cell proliferation. The Ca/P can also present different
densities and porosities due to each speciﬁc polymorph phase and/or
the mixing of different Ca/P phases. Moreover, mixing distinct Ca/P poly-
morph phases allows different levels of degradation, caused by dissolu-
tion, which is dependent on the solubility of the material, pH and
temperature. The physical disintegration into smaller particles can also
occur due to biological interactions. In this process, Ca2+ ions may be re-
leased into the environment and the proportion of calcium and phospho-
rous altered [11,32].
Fig. 2 shows the SEMmicrographs, the graphs resulting from the EDS
measurement and the particles size distribution analyses. Fig. 2(a)
shows the SEM image of the Ca/P powder as synthesized, where the
graphs (I) and (II) show the histogram of the particles size distribution
(centered at 13 μm) and the EDS spectrum of this image, respectively.
Fig. 2. SEMmicrographs of the Ca/P powder as synthesized (a) and casted after dispersion and sonication in chloroform (b). Graphs I and II show the particle size histogram and EDS spec-
trum for the SEM image (a), respectively. Graph III shows the particle size histogramobtained for the SEM image (b). (c) represents the SEM image of theNR–Ca/P blendmembrane and its
EDS chemical color map of Ca and P in (d) and (e), respectively.
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The EDS analysis showed a Ca/P ratio of 1.67. This value coincides with
the range of Ca/P ratios typical of biological processes (0.5 to 2.0) [33].
Fig. 2(b) shows the Ca/P powder after dispersion in chloroform, sonica-
tion and casting on an NR membrane as substrate, while the new size
distribution is shown in the graph (III). It can be observed that the dis-
persion of Ca/P particle sizes is considerably reduced, ranging from 2
to 16 μm, being predominantly under 5 μm. Fig. 2(c) shows the SEM
image of the Ca/P particles incorporated into the latex membrane, and
Fig. 2(d) and (e) shows its EDS chemical color map for Ca and P, respec-
tively. These results conﬁrm the presence of Ca and P in the observed
particles and the presence of these particles homogeneously distributed
in the membrane.
In order to design controlled-release systems using bioactive parti-
cles like Ca/P, a detailed understanding of the carrier properties is re-
quired. The latex membranes demonstrated good ﬂexibility and
mechanical resistance, which is an important characteristic for surgical
manipulation. However, in this study, the priority was to investigate
the constituents of the Ca/P–NRmembranes. Concerning the NR obtain-
ed from the rubber creamphase of the latex,models in the literature de-
scribe the presence of rubber particles formed by a core–shell structure
comprised of a hydrophobic core (isoprenemolecules) surrounded by a
mixed layer of proteins (84%) and phospholipids (16%) with around 20
nm thick [34,35]. The maximum diameter reported for these sphere-
like structures is around 5 μm. In addition, these negatively-charged
proteins control the colloidal stability of the latex, favoring several
other factors, such as the adsorption of ions at the surface of the rubber
particles [34].
From the DMAmeasurements we obtained elastic modules of 3.8 ±
0.1 MPa and 3.9 ± 0.1 MPa for the pure NR and NR–Ca/P blend mem-
branes, respectively. Thus, themechanical properties of themembranes
are not affected by the Ca/P doping, which is desired for biomedical ap-
plications. The low elastic modulus is because the membranes are not
vulcanized.
The producedNRmembraneswere investigated by confocal ﬂuores-
cent scanning microscopy and well-deﬁned spherical rubber particles
with diameters ranging between 1 and 5 μm were observed. Fig. 3(a)
shows the luminescence micrograph of a particle with a diameter of
around 4 μm. It is important to emphasize that this image was obtained
without additional dye doping for contrast. In Fig. 3(a), blue and green
regions of emission can be seen throughout the particle surface,
resulting in the broadband spectrum presented in Fig. 3(d). Gaussian
deconvolutions were applied to the emission spectra and two contribu-
tions were estimated at maximumwavelengths of 492 nm and 559 nm
(dotted line) for a single NR particle (P1) and 484 nm and 536 nm
(dashed line) for NR–Ca/P (P2). These two speciﬁc emission bands can
be attributed to the emission associated with two distinct structures
of the tryptophan present in the proteins of the NR particles. The struc-
tural conformation of proteins has been studied [36], but in this case,
our hypothesis is that solvent can change some aromatic ring chains
during the process of dispersion. On the other hand, the presence of
Fig. 3. Confocal luminescence micrographs of a single rubber particle captured from the unblended NR membrane (a); and the agglomerates in the NR–Ca/P blend samples (b) and (c).
(d) Luminescence spectra of the P1 and P2 regions. The dashed and dotted lines are the Gaussian deconvolutions of the emission spectra. (For interpretation of the references to color in
this ﬁgure legend, the reader is referred to the web version of this article.)
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Ca/P particles could weakly interact with natural rubber compounds
mainly modifying only the structure of the proteins which is supposed
to shift the emission bands evaluated from the NR–Ca/P composites.
Fig. 3(b) shows the confocal ﬂuorescentmicrograph for the NR–Ca/P
membrane, where large agglomerates with sizes of up to 30 μm can be
clearly seen. In addition, the agglomerateswith a focal plane at the center
of the particles display an emissive border with a non-emissive core.
Fig. 3(c) shows two agglomerates in detail, one with a non-luminescent
asymmetric center. The emission spectrumof the P2 region is very similar
to that obtained for the single rubber particle in Fig. 3(a), region P1.More-
over, we tested by same confocal microscopy measurements the Ca/P
particles dispersed in a poly(methyl methacrylate) (PMMA) polymeric
matrix and any emission was observed under the same experimental
conditions.
By relating the two emission bands of the tryptophans present in the
proteins, the analysis of Fig. 3(a) suggests a random and homogeneous
distribution of these components over the NR particle embedded in the
bulk of the polymeric matrix. In contradiction with previous studies re-
ported in the literature, where models for the NR particles have been
proposed, considering the proteins and phospholipids having a hetero-
geneous distribution, with protein/phospholipid agglomerates on the
NR particle surface [34,37].
TheNR particles show a resultant negative charge at around−56.7±
0.7 mV, as veriﬁed by zeta potential analysis, this result is in close agree-
ment with values previously reported for a latex solution at a pH of ~10
[38]. Ca/P grains formed by regionswith crystalline phases and boundary
atoms can present localized positive charges due to the presence of Ca2+
on the surface of the grains. Thus, when in solution, these boundary
atoms can promote electrostatic attraction due to the opposite charges
of the NR particles and the Ca/P grains on the surface. In addition, during
their diffusion to the polymeric matrix the Ca2+ ions canmigrate around
the NR particles and promote a small degree of calciﬁcation. This calciﬁ-
cation around NR particles has been previously observed and described
in the literature [39]. Multivalent cations and/or anions (e.g., Ca2+ and
PO4−) and NR latex anionic proteins could regulate their stability with
this calciﬁcation [40]. Ca2+ ions have the ability to bridge negatively
charged entities, such as carboxylate groups and phosphate groups in
charged and zwitterionic lipid species, or negative charges in the NR.
Calcium is a fusogenic agent and has a profound effect on the adsorption
of vesicles [41]. Calcium ions do not only participate in the screening of
the charges, thereby modifying the electrostatic interactions, but they
also directly interact with surfaces and lipids present in the NR [42].
These considerationsmay explain the increasing size of agglomerates ob-
served in the NR–Ca/Pmembranes (see Fig. 3(b) and (c)). Moreover, sur-
face interactions between the NR particles and the Ca/P grains may also
occur and contribute to the formation of NR–Ca/P agglomerates. A sche-
matic representation showing the possible conﬁguration of the NR–Ca/P
agglomerates is proposed in Fig. 4(a) and a schematic representation of
the NR particles adapted from Ref. [34] is presented in Fig. 4(b). It is im-
portant to note that the non-spherical shape of the agglomerates, togeth-
er with the dimensions of the non-emitting center and the luminescent
shell of Fig. 3(b) and (c) is consistent with the proposed representation
in Fig. 4(a).
4. Conclusions
In summary, the sol–gel process was used to produce Ca/P micro-
grains with multi-crystalline phases, including the monoclinic Ca5P8 and
the hexagonal Ca(PO4)3OH. The percentage contribution of each phase
was estimated by applying the Rietveld method to XRD measurements,
where the major phase fractions obtained were: Ca5P8 (47.8 wt.%),
CaCO3 (36.3 wt.%), Ca(PO4)3OH (9.5 wt.%) and Ca (6.3 wt.%). The chemi-
cal ratio between Ca and Pwas 1.67, as veriﬁed by EDS analysis, this value
beingwithin the bioactivity range. The spherical shape (with ~4 μmof di-
ameter) andhomogeneous distribution of the proteins and phospholipids
on the shell of the NR particles were observed by luminescent confocal
microscopy. The interaction of the NR particles with the Ca/P grains was
conﬁrmed via confocal micrographs, supporting the proposed structure,
i.e., that the Ca/P grains are surrounded by NR particles, as shown in
Fig. 4(a). This aspect represents the novelty of this study. This system
may open new horizons in relation to its use as a biomaterial for applica-
tion in tissue regeneration. The results presented herein are the ﬁrst step
toward obtaining a bandage which promotes the controlled-release of
biomaterials. The degradation of natural rubber, the release of Ca2+ ions
in a simulated bodyﬂuid and the biocompatibility of thematerialwith tis-
sue regeneration are currently under investigation.
Fig. 4. (a) Suggested schematic representation of an NR–Ca/P agglomerate. (b) Detailed description of the proposed structural organization of the NR particles adapted from Ref. [34],
where the proteins and ω-terminals, as well as the phospholipids and α-terminals, with their connections, are represented.
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